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Carbon Fiber Reinforced Polymer (CFRP) composites are widely used in aerospace industry in lieu of its
high strength to weight ratio. This study is an attempt to evaluate the machinability of Bi-Directional
Carbon Fiber–Epoxy composite and optimize the process parameters of cutting speed, feed rate and drill
tool material. Machining trials were carried using drill bits made of high speed steel, TiN and TiAlN at
different cutting speeds and feed rates. Output parameters of thrust force and torque were monitored
using Kistler multicomponent dynamometer 9257B and vibrations occurring during machining normal
to the work surface were measured by a vibration sensor (Dytran 3055B). Linear regression analysis
was carried out by using Response Surface Methodology (RSM), to correlate the input and output
parameters in drilling of the composite in the longitudinal and transverse directions. The optimization
of process parameters were attempted using Genetic Algorithm (GA) and Particle Swarm Optimizatio
n–Gravitational Search Algorithm (PSO–GSA) techniques.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fiber Reinforced Plastic (FRP) composites materials are now-a-
days used for a variety of advanced and sophisticated applications
in modern industry. Conventional materials are replaced by FRPs
especially Carbon Fiber Reinforced Polymer (CFRP) type in a num-
ber of commercial, domestic and engineering applications as an
alternative material for different components to take advantage
of its high strength-weight ratio, durability and high corrosion
resistance. The material is well-suited for aircraft hulls and wings.
The material behavior depends on the fiber reinforcement content,
fiber orientation, and type of resin used. The Drilling process is
most commonly used in the engineering applications to fit the
composite materials to other structural members of the system.
Tsao et al. [1] evaluated the delamination damage in drilling
Carbon Fiber Laminate using compound core special drill. It is
found that the feed rate is the most significant factor which affects
the delamination damage. Maxime et al. [2] studied the wear
mechanisms, hole quality and thrust forces on drilling CFRP-Al
stacks using coated and uncoated solid carbide drill bits. The toolwear magnitude was found to depend on the number of drilled
holes as the CFRP-Al material is highly abrasive. Turki et al. [3]
experimentally investigated the carbon/epoxy composites and
found that the spindle speed and feed rate strongly influences cut-
ting forces, crack propagation and delamination damage. Isbilir
et al. [4] developed a Finite Element model to correlate the effect
of cutting speed and feed rate on the delamination damage, thrust
force and torque in drilling CFRP. The results indicate that feed rate
has the maximum influence on the thrust force, torque and delam-
ination damage. Ozden et al. [5] investigated the hole-making pro-
cess in CFRP using multilayered tungsten carbide tool and
generated data on the effect of feed rate and cutting speed on
delamination damage and surface roughness. They recommend
low feed rate and high cutting speed for optimum results in drilling
CFRP. Shahrajabian et al. [6] proposed a methodology of drilling
CFRP to maximize Material Removal Rate (MRR) by considering
the surface roughness and delamination factor. Abhishek et al.
[7] developed a mathematical model in machining CFRP to corre-
late the input process parameters with the experimental results
using Teaching Learning Based Optimization (TLBO) and found that
the results are comparable to those obtained with Genetic Algo-
rithm. Bonnet et al. [8] the effect of feed rate in drilling on the hole
exit damage in CFRP drilling. They have established a correlation
between the surface quality and fiber orientation in drilling. Celik
Table 1
Mechanical property of CFR-Epoxy composite.
Young’s modulus 0, Ex 120 GPa
Young’s modulus 90, Ey 9 GPa
Ultimate tensile strength 0, Xt 2200 MPa
Ultimate tensile strength 90, Yt 30 MPa
Density 1.6 g/cm3
Hardness 88 HV
K. Shunmugesh, K. Panneerselvam / Engineering Science and Technology, an International Journal 19 (2016) 1552–1563 1553et al. [9] investigated the performance characteristics of silicon alu-
minum oxynitride (SiAlON) ceramic drill tool on CFRP in terms of
drilling force and exit delamination damage and correlated thrust
force and exit delamination damage with drill point angle and chi-
sel edge length. Paul et al. [10] investigated the effect of cutting flu-
ids on tool vibration in turning hardened steel. Their results
revealed that the hard turning with minimal cutting fluid reduces
the vibration and improves the cutting performance. Feito et al.
[11] developed a numerical model to predict the delamination
damage in drilling CFRP. Their methodology appears useful to
reduce the production cost and complexity of the parameter selec-
tion in drilling process. Eneyew and Ramulu [12] studied the sur-
face quality and hole damages of drilling CFRP composites and
found that the thrust force is significantly affected by the feed rate
than the cutting speed. Rubio et al. [13] used special drill tool and
high speed machining to study the delamination damage in CFRP.
They used digital image system for identifying the delamination
damage and found that the high speed cutting reduces the delam-
ination damage with high Material Removal Rate (MRR). Krish-
namoorthy et al. [14] implemented fuzzy logic integrated with
Grey Relational Analysis (GRA) to optimize the machining param-
eters of CFRP with multiple objectives. It was reported that the feed
rate is most significant input process parameter which affects the
response surface variable in CFRP drilling. Krishnaraj et al. [15]
conducted high speed drilling experiments on CFRP laminates by
using K20 carbide drill bit and used multiobjective optimization
to establish optimum machining conditions. They reported that
the circularity of the drilled holes is affected by the spindle speed
and reduced exit delamination damage with low feed rates.
Palanikumar [16] studied the effect of spindle speed and feed rate
on the surface roughness, force and delamination factor using GRA.
The result revealed that the feed rate is the most influencing factor
which affects the response surface than the cutting speed. Karnik
et al. [17] used Artificial Neural Network (ANN) model to analyze
the delamination damage in drilling CFRP at high speed using
cemented carbide twist drill. The analyzed result revealed that
the low feed rate and high speed reduces the delamination dam-
age. Estimation of delamination damage was carried out by Grilo
et al. [18] by selecting the cutting speed and feed rate along with
drill geometry in drilling CFRP. High production rate can be
achieved with the spur drill at high speed and feed. The hole qual-
ities of orbital drilling of CFRP was reported by Sadek et al. [19] and
reported that the reduced axial force produces high quality holes.
Sardinas et al. [20] carried out drilling experiments on CFRP using
Taguchi orthogonal array and optimized the machining parameters
using GA. Drilling of CFRP and Glass Fiber Reinforced Polymer
(GFRP) was done by Lazar and Xirouchakis [21] to analyze the tor-
que and thrust by varying the feed and speed. They recommended
the use of high feed rate/tool diameter for obtaining the cutting
forces and to measure the torque. Numerical Finite Element (FE)
model was developed by Isbilir and Ghassemieh [22], for drilling
CFRP and they reported that the 3D model can be used to develop
and design the drill geometry of the cutting tool for minimizing the
delamination damage. Balasubbareddy et al. [23] effectively used
hybrid cuckoo search algorithm for multi-objective optimization
problems and validated the results with Pareto front solutions.
Gupta and Kumar [24] used PCA and Taguchi technique to predict
the optimum conditions in turning of GFRP. They report that feed
rate is the most influencing process parameter which affects the
responses. Jiang et al. [25] used PSO and GSA for numerical opti-
mization problems and found that this algorithm is superior to
other algorithms in terms of computational time and number of
iterations to arrive at end results.
The GA and PSOGSA is meta-heuristic algorithm which will
identify the global minimum with a high chance and are naturally
applicable for the answer of discrete optimization problems [26]. Ifcustomary nonlinear programming techniques are used for this
kind of problems, they’ll be inefficient, computationally pricey,
and, in most cases, notice a relative optimum that’s nearest to
the starting point (local optimum). To avoid trapping in a local
optimum, the PSOGSA uses the power of increasing search space
with the power of finding the optima around a good solution.
The hybrid PSOGSA possesses a more robust capability to escape
from local optimums with quicker convergence [27]. Thus PSOGSA
is preferred during this analysis work to optimize the machining
process parameter of drilling CFR-Epoxy composite laminate. The
PSO–GSA works on the concept of global best from the PSO and
local best from the GSA. The advantage of the PSO–GSA is that it
convergence to the global best or the optimum value quickly when
compared to the PSO and the GSA individually. The results
obtained from the drilling experiments reveals that the PSO–GSA
is more powerful than the conventional algorithm like GA, PSO
and GSA. In light of this we can say that the hybrid PSO–GSA can
be effectively used to optimize the machining process parameter
of drilling Carbon Fiber/Epoxy composite laminate.
From the literature review, it is felt that the drilling data relat-
ing to CFR-Epoxy composites along and across reinforcing fiber
direction of the material is scarce. Hence the current study is
expected to generate machining data on the Carbon Fiber Rein-
forced Polymer material.2. Materials and methods
2.1. Work and drill tool materials
In this study CFR-Epoxy composite (T300, Polyacrylonitrile
(PAN) based carbon fiber/two part epoxy resin with a volume frac-
tion of 60%) laminate manufactured by hand layup and auto clave
was chosen as the work piece for conducting drilling experiments.
The work piece used for the experiments along with their mechan-
ical properties and specifications are presented in Table 1.
The carbon fiber used in the material is of PAN-based and the
average thickness of the fabric is 0.25 mm. The size of the speci-
men used for the experiment is 150  15  8 mm. The cutting tools
of diameter 6 mm, point angle 140 and Helix angle 30 (Fig. 1)
used for the dry drilling are HSS drill (Miranda Tools India Ltd),
Kennametal Solid Carbide Drill (TiAlN Black Coated-KC7325 Grade)
and WIDIA Solid Carbide Drill (TiN Golden coated – WU25PD
Grade).2.2. Experimental design
The experiments were carried out using Bharat Fritz Werner
(BFW) Ltd BMV 40T20 CNC vertical milling machine. Fig. 2 shows
the experimental setup.
Three different drill tools were used to conduct the drilling
experimental by varying the cutting speeds from 30 to 50 m/min
and feed rates from 0.025 to 0.1 mm/rev. The selected experimen-
tal parameters and their levels are presented in Table 2.
Drilling was carried along and across the reinforcing fiber direc-
tion of the CFR-Epoxy composite separately for all the L27 experi-
Fig. 1. Drill bit type used for machining (a) HSS (b) TiAlN (c) TiN.
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in Fig. 3.
Three trial experiments were conducted and the averages of the
responses are taken for optimization so as to minimize the varia-
tions in the experimental results. The Kistler multicomponent
dynamometer 9257B was used to measure the three orthogonal
components of cutting forces i.e., Fx, Fy and Fz for all the trial
experiments. The dynamometer consists of multi-component mea-
suring system and multi-charge amplifier channels. These channels
convert the charge signals from the dynamometer into output sig-
nals. A piezoelectric accelerometer with a sampling rate of 25,600
samples/s was used as vibration sensor (Dytran make 3055B) and
it was mounted on the top of the workpiece. The signals from
the pickup were fed to a signal conditioner and a vibration indica-
tor. Tool vibration, particularly in the radial direction, is known to
have a deleterious effect on the machined surface texture. The
experimental values for cutting force, torque and vibration are
shown in Tables 3.2.3. Mathematical model
Linear regression analysis was carried by using Response Sur-
face Methodology (RSM), to correlate the cutting force, torque
and vibration with the input process parameters in drilling of
CFR-Epoxy composite along the longitudinal and transverse
direction. Fig. 4(a–f) clearly indicates that the actual value andFig. 2. Machinthe predicted value of the thrust force, torque and vibration are
in good agreement to each other. The success rate of predicting
the thrust force along the longitudinal and transverse direction is
estimated as 97%. Also the average deviation of the predicted value
when compared with the actual value of force along the longitudi-
nal and transverse direction is said be approximately 2 N. The aver-
age deviation and success rate of predicting the torque along the
longitudinal and transverse direction is found to 0.3 Nm and 98%.
The success rate of predicting the vibration along the longitudinal
and transverse direction is estimated as 98%. Also the average devi-
ation of the predicted value when compared with the actual value
of force along the longitudinal and transverse direction is said be
approximately 0.0001 lm.
2.4. ANOVA results
The validation of the mathematical model was carried out by
ANOVA. The coefficients of determination (R2) for all the six cases
of the responses are nearer to 1, which indicates the validity of the
model developed. The ANOVA results of force, torque and vibration
along the longitudinal direction was shown in Table 4.
From the values of the table it obvious that the feed rate is the
most significant machining process parameter with affects the cut-
ting force. The other machining parameter which affects the cut-
ting force is cutting speed and drill bit type. ANOVA results
indicate that the feed rate, cutting speed and drill bit type are
affecting the cutting force along the longitudinal direction by
51.5%, 36.5% and 10% respectively. In this case the feed rate is
alleged to be the foremost influencing process parameter that
affects the torque followed by the cutting speed and drill bit type.
The torque produced while drilling holes on the CFR-Epoxy com-
posite along the longitudinal direction was significantly affected
by the cutting speed, feed rate and drill bit type by 43%, 50.5%
and 4.5% respectively. Also it was observed that the vibration
during the drilling experiment was mostly affected by the feed rate
followed by the cutting speed and drill bit type. The cutting speed,
feed rate and drill bit type affects the vibration of the work piece
material during by approximately 30%, 62.5% and 4.5%,
respectively.
The ANOVA results of force, torque and vibration along the
transverse direction were shown in Table 5. From the values of
the Table 5, it is evident that the feed rate is the most significant
machining process parameter with affects the cutting force.
The other machining parameters which affect the cutting force
are cutting speed and drill bit type. ANOVA results reveals that the
feed rate, cutting speed and drill bit type are affecting the cutting
force along the transverse direction by 51.3%, 36.7% and 6% respec-
tively. In the next case the feed rate is supposed to be the foremost
influencing process parameter that affects the torque followed bying setup.
Table 2
Process Parameters and their levels.
Symbol Drilling parameter Level 1 Level 2 Level 3
v Cutting speed (m/min) 30 40 50
f Feed rate (mm/rev) 0.025 0.05 0.1
d Drill bit type HSS TiAlN TiN
Fig. 3. 3D view of machining the composite for data acquisition.
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drilling holes on the CFR-Epoxy composite along the transverse
direction was significantly affected by the cutting speed, feed rate
and drill bit type by 39.5%, 55.5% and 3.5% respectively. The feed
rate is observed to be the significant machining process parameter
which affects the vibration during the drilling of CFR-Epoxy com-
posite, followed by both the cutting speed and drill bit type. TheTable 3
Experimental design (L27 array) and responses of drilling CFP-Epoxy composite.
Exp no Input process parameters Res
Cutting speed (v) (m/min) Feed rate (f) (mm/rev) Drill bit type (d) For
Tra
1 30 0.025 HSS 90
2 30 0.025 TiAlN 79
3 30 0.025 TiN 80
4 30 0.05 HSS 96
5 30 0.05 TiAlN 87
6 30 0.05 TiN 93
7 30 0.1 HSS 104
8 30 0.1 TiAlN 101
9 30 0.1 TiN 105
10 40 0.025 HSS 82
11 40 0.025 TiAlN 70
12 40 0.025 TiN 73
13 40 0.05 HSS 86
14 40 0.05 TiAlN 77
15 40 0.05 TiN 81
16 40 0.1 HSS 103
17 40 0.1 TiAlN 91
18 40 0.1 TiN 94
19 50 0.025 HSS 67
20 50 0.025 TiAlN 60
21 50 0.025 TiN 63
22 50 0.05 HSS 81
23 50 0.05 TiAlN 67
24 50 0.05 TiN 71
25 50 0.1 HSS 93
26 50 0.1 TiAlN 82
27 50 0.1 TiN 85contribution of each of the machining parameters which affects
the vibration approximately by 68.4% of feed rate and 26.10% of
cutting speed and 2% of drill bit type.3. Results and discussion
3.1. Effect of cutting speed, feed rate and drill material on thrust force
The variation thrust force in drilling with cutting speed and feed
rate for different tool material are presented Fig. 5(a and b). The
value of thrust force decreases with the increase of cutting speed
from 30 m/min to 50 m/min; but the thrust force increases with
feed rate in the range investigated. Decrease in axial thrust with
increases in cutting speed can be assigned to enhanced cutting
temperature at high cutting speed. Similar results are reported
by other investigators [4,6,16]. With TiAlN tool material the dril-
ling force was observed to be minimum and this observation can
be assigned to highest hardness value of the material compared
to those of TiN and HSS tool material and least tool wear and tool
shape degeneration expected. The machining condition of cutting
speed 50 m/min, feed rate of 0.025 mm/rev and drill material TiAlN
turnout to be the optimum values for drilling of the CFR-Epoxy
material over the parameter range investigated.3.2. Effect of cutting speed, feed rate and drill bit type on torque
The result of varying cutting speed, feed rate and drill bit type
on the torque along longitudinal and transverse direction of dril-
ling CFR-Epoxy composite is shown in Fig. 5(c and d). Due to the
brittle nature of the epoxy resin, the magnitude of the torque is
observed to be smaller. It is seen that the torque value decreases
with increasing cutting speed. Similar trend was reported by other
investigators using similar composites [4,6,16]. Drilling torque is
seen to increase with increasing feed rate; this is to be expected
as the volume of material undergoing deformation duringponses
ce (N) Torque (Nm) Vibration (lm)
nsverse Longitudinal Transverse Longitudinal Transverse Longitudinal
83 30.5 30.4 0.0365 0.0366
78 28.87 27.8 0.036 0.0356
78.5 30.4 29.8 0.0383 0.0366
92 32 32 0.0377 0.0395
.5 85 31.1 30.77 0.038 0.03701
86.2 31.4 31.55 0.039 0.0394
107 37.4 38 0.0444 0.0441
101 34.6 35.75 0.0433 0.044
103 36.3 36.5 0.0457 0.0467
75 26.1 25.6 0.0343 0.0359
68 25.66 24.8 0.0325 0.0328
69 25.97 25.6 0.034 0.0336
81 30.6 28.8 0.036 0.036
74.5 27.2 27 0.0347 0.0351
93 29.7 29.5 0.038 0.0364
96 34 33.5 0.0402 0.0422
.9 86 32.36 32 0.0399 0.041
.5 91.5 32.66 32.7 0.0404 0.0422
64 25.1 25 0.032 0.0294
.4 54 22 22.3 0.031 0.03047
.2 58.4 22.8 23.1 0.033 0.03133
71 26 26 0.033 0.03466
65 24.5 24 0.0324 0.0333
.2 66 25 25.4 0.0348 0.0342
94 31.6 31.3 0.0377 0.03806
80 29.09 29.5 0.039 0.039
81.4 29.8 30.2 0.0405 0.041
a) Longitudinal Direction b) Transverse Direction 
c) Longitudinal Direction d) Transverse Direction 
e) Longitudinal Direction f) Transverse Direction 
Fig. 4. Actual vs predicted graph of (a) & (b) thrust force; (c) & (d) torque; (e) & (f) vibration along the longitudinal and transverse direction of CFR-Epoxy material.
Table 4
ANOVA results (drilling along the fiber direction).
Machining parameter Degrees of freedom Sum of squares Mean square F ratio Contribution (%)
Force Cutting speed 2 1527.81 763.90 172.58 36.5
Feed rate 2 2145.01 1072.50 242.29 51.5
Drill bit type 2 425.32 212.66 48.04 10
Error 20 88.53 4.43 2
Total 26 4186.67 100
Torque Cutting speed 2 178.479 89.240 209.69 43
Feed rate 2 210.306 105.153 247.08 50.5
Drill bit type 2 17.847 8.924 20.97 4.5
Error 20 8.512 0.426 2
Total 26 524.640 100
Vibration Cutting speed 2 0.00012 0.00006 107.17 30
Feed rate 2 0.00024 0.00012 220.49 62.5
Drill bit type 2 0.00001 0.00002 15.24 4.5
Error 20 0.00001 0.00001 3
Total 26 0.0006 100
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Table 5
ANOVA results (drilling across fiber direction).
Machining parameter Degrees of freedom Sum of squares Mean square F ratio Contribution (%)
Force Cutting speed 2 1805.78 902.89 60.06 36.7
Feed rate 2 2527.11 1263.56 84.05 51.3
Drill bit type 2 284.02 142.01 9.45 6
Error 20 300.67 15.03 6
Total 26 4917.59 100
Torque Cutting speed 2 174.785 87.393 306.97 39.5
Feed rate 2 245.582 122.791 431.30 55.5
Drill bit type 2 15.780 7.890 27.71 3.5
Error 20 5.694 0.285 1.5
Total 26 441.842 100
Vibration Cutting speed 2 0.000128 0.00006 74.73 26.1
Feed rate 2 0.000336 0.00017 195.77 68.4
Drill bit type 2 0.000001 0.00000 5.69 2
Error 20 0.000017 0.00000 3.5
Total 26 0.000492 100
Fig. 5. Mean Effect plot for (a) & (b) thrust force; (c) & (d) torque and (e) & (f) vibration along the transverse and longitudinal direction.
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observed with TiAlN drill tool can be assigned to increased hard-
ness and retention of tool geometry during machining compared
the HSS and TiN. From the Fig. 5 it’s evident that the smallestamount torque occurred while drilling the CFR-Epoxy composite
is at high cutting speed of 50 m/min, low feed rate of 0.025 mm/
rev and the drill bit type is TiAlN coated solid carbide tool. The
optimummachining conditions remains the same as those for axial
1558 K. Shunmugesh, K. Panneerselvam / Engineering Science and Technology, an International Journal 19 (2016) 1552–1563thrust, namely highest cutting speed, lowest feed rate and hardest
tool material employed for the investigation.3.3. Effect of cutting speed, feed rate and drill bit type on vibration
The influence vibration on varying the cutting speed, feed rate
and drill bit type while drilling CFR-Epoxy composite material
along the longitudinal and transverse direction are shown in the
Fig. 5(e and f). When the cutting speed increases from 30 m/min
to 50 m/min, the vibration value reduces according, this is due to
the fact that the hardness value of Carbon fiber and drill bit type
are higher. However in the case of the feed rate, the vibration value
increases when the feed rate increases from 0.025 mm/rev to
0.1 mm/rev. In the case of the drill bit type, vibration decreases
with the drill bit type of TiAlN – coated solid carbide tool but
increase while drilling with the HSS and TiN tool. The vibration
can be minimized by machining with the combination of high cut-
ting speed (50 m/min), low feed rate (0.025 mm/rev) and drill bit
type of TiAlN.3.4. Surface morphology of the drilled holes
SEM images of sample machined surfaces are given in Fig. 6. In
Fig. 6(a) debonding of fiber from resin is seen. Fig. 6(b) shows a
sample surface with internal delamination. Fig. 6(c) shows a good
surface texture while drilling with TiAlN tool at 0.025 mm/rev feed
rate. Machining the material with HSS drill bit at cutting speed of
30 m/min and feed rate of 0.1 mm/rev shows defects like voids,
fiber fracture as illustrated in Fig. 6(d). Fig. 6(e) shows a rough sur-
face texture that occurred at machining of 30 m/min and feed rate
of 0.1 mm/rev. Fig. 6(f) shows an apparently acceptable surface
texture that occurred with TiAlN drill tool at 50 m/min cutting
speed and lowest feed rate employed, 0.025 mm/rev. The surface
quality investigation using SEM suggest optimum surface finishFig. 6. SEM Images of drilledwith highest cutting speed employed, lowest feed rate used and
hardest tool material TiAlN.3.5. Optimization of process parameters
3.5.1. Genetic Algorithm (GA)
The Genetic Algorithm (GA) [28] is basically population based
search and optimization algorithm used to minimize the objective
function subjected to the constraints. The basic idea of GA was first
introduced by Holland in the year 1975. The GA works on the prin-
ciples of natural genetics and search. The computational processes
of GA are done by reproduction, crossover and mutation.
In a random fashion, initial the population is set, and then the
fitness value of the objective function is calculated based on the
initial population. Once the fitness value is found out and then
by means of roulette wheel selection process, crossover and muta-
tion takes place. These process crossover and mutation of the new
offspring continues for the fitness function evaluation.3.5.2. Numerical simulation of GA
GA simulation for the function thrust force along the longitudi-
nal direction
Minimize ¼ 119:061 0:363056v þ 293:651f  26:6361d
 0:00638889v2  903:704f 2 þ 6:46111d2
þ 1:94762vf  0:08vdbþ 15fd
Variable bound Cutting speed (v): 30 6 v 6 50
Feed rate (f): 0.025 6 f 6 0.1
Drill bit type (d): 1 6 d 6 3
Step 1: The solutions of the Genetic Algorithm are started by
initializing the population of the string which is randomly
generated.CFR-Epoxy composite.
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fitness function. Table 6 shows the fitness value of initial
population.
Step 3: Carry out the reproduction process.
Step 4: The new population are produced by reproduction,
crossover and mutation. Table 7 shows the mutation and
crossover.
Step 5: The new population is once again used to find the fitness
value (Table 8).
Step 6: Check the Termination criteria, since the value of thrust
force did not converge, we move to the next iteration. Repeat the
step 2 until convergence of thrust force is achieved. At the end of
one generation the value of the fitness function reduces from
78.34 to 71.362
3.5.3. Particle Swarm Optimization–Gravitational Search Algorithm
(PSO–GSA)
Kennedy and Eberhart introduce the concept of the position
and velocity based meta-heuristic algorithm called the PSO in the
year 1995 [29]. The PSO was popular for its efficiency to converge
to the optimum value quickly and it works on the principle of
altering its position velocity based on the new and its previous
value.
Rashedi et al. [30] introduced a new population based search
algorithm called GSA in the year 2007, based on the principal of
gravitational and law of motion. In GSA, the variables are consid-
ered as objects and these objects are evaluated by means of
masses. The variables attract each other by means of the gravita-
tional force, which in case move all the variables towards the heav-
ier masses. The optimum/good solution for the problem
corresponds to the heavier masses.Table 6
Population and fitness value of GA.
String
no
Initial population (randomly generated) Decoded value
Cutting
speed
Feed rate Drill bit
type
Cutting
speed
Feed
rate
Drill
type
1 00,011,110 00,011,001 00,000,001 30 0.025 1
2 00,101,000 00,110,010 00,000,010 40 0.05 2
3 00,101,101 01,001,011 00,000,010 45 0.075 2
4 00,110,010 01,100,100 00,000,011 50 0.1 3
Average, favg
Table 7
New population of GA after mutation and reproduction.
Mating pool Mate
(randomly selected)
Cutting speed Feed rate Drill bit type
00,101,000 00,110,010 00,000,010 4
00,101,000 00,110,010 00,000,010 3
00,101,101 01,001,011 00,000,010 2
00,110,010 01,100,100 00,000,011 1
Table 8
New fitness value of GA after mutation and reproduction.
New population decoded valu
Cutting speed Feed rate Drill bit type Cutting speed
00,101,010 00,100,100 00,000,011 42
00,101,101 00,101,011 00,000,010 45
00,101,001 01,010,110 00,000,010 41
00,111,000 01,110,010 00,000,011 56vdi ðt þ 1ÞPSO ¼ wðtÞvdi ðtÞ þ c1  r1  ðpbestdi  xdi ðtÞÞ
þ c2  r2  ðgbestdi  xdi ðtÞÞ ð1Þ
vdi ðt þ 1Þgsa ¼ randi  vdi ðtÞ þ adi ðtÞ ð2Þ
vdi ðt þ 1ÞhPSOgsa ¼ c3  r3  vdi ðt þ 1Þpso þ c4  ð1 r3Þ  vdi ðt þ 1Þgsa
ð3Þ
xdi ðt þ 1Þ¼xdi ðtÞ þ vdi ðt þ 1ÞhPSOgsa ð4Þ
where v is the velocity, x is the position, t is the iteration c1, c2, c3
and c4 are the acceleration coefficient, r1 and r2 are the random
numbers. Eqs. (1)–(4) are used to get the velocity and position of
the new particles. The selection of initial parameter setting in
PSO–GSA is very important in obtaining a very good solution.
3.5.4. Numerical simulation of PSO–GSA
PSOGSA simulation for the function thrust force along the lon-
gitudinal direction
Minimize ¼ 119:061 0:363056v þ 293:651f  26:6361d
 0:00638889v2  903:704f 2 þ 6:46111d2
þ 1:94762vf  0:08vdbþ 15fd
Variable bound Cutting speed (v): 30 6 v 6 50
Feed rate (f): 0.025 6 f 6 0.1
Drill bit type (d): 1 6 d 6 3
Step 1: Assume the number of particle/size of the as 4. Initialize
the population of cutting speed (v), feed rate (f) and drill bit typeY = f
(X)
fi/
favg
Actual
count
Mating pool
bit Cutting
speed
Feed rate Drill bit
type
88.13 1.06 0 00,101,000 00,110,010 00,000,010
78.34 0.94 2 00,101,000 00,110,010 00,000,010
80.80 0.97 1 00,101,101 01,001,011 00,000,010
85.15 1.02 1 00,110,010 01,100,100 00,000,011
83.10
Crossover site
(randomly selected)
New population
Cutting speed Feed rate Drill bit type
4 00,100,010 00,110,100 00,000,011
3 00,101,101 00,101,011 00,000,010
3 00,101,000 01,010,010 00,000,010
4 00,111,000 01,110,010 00,000,010
e Y = f(X) fi/favg
Feed rate Drill bit type
0.036 3 75.288 0.954
0.043 2 71.362 0.904
0.086 2 87.447 1.108
0.114 3 81.557 1.033
Average, favg 78.914
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Step 2: Based on the position of the particle, evaluate the fitness
function and velocities.
Step 3: Update the pBest, select the random numbers
Step 4: Update the position and velocity. The best value of the
position, Pbest along with the random numbers uniformly dis-
tributed between 0 and 1 is given in Table 9.
Step 5: The initial value of the acceleration, mass and force
related to PSO–GSA are set as 0.
Step 6: Update the fitness function value (Pbest) for the new
position and velocity.
Step 7: The updated value of the Pbest and Gbest is shown in
Table 10.
Step 8: Check the Termination criteria, since the value of thrust
force did not converge, we move to the iteration 2. Repeat the step
2 until convergence of thrust force is achieved.
Iteration 2
The results Pbest and Gbest at the end of the iteration 2 are
shown in Table 11.Table 9
PSO–GSA: – Pbest and Updated position and velocity.
Pbest Random
number
Current position Velocity
Pbest1 000 0.4516 46.29 0.07 3 0.0372 0.2014 0.1467
Pbest2 000 0.1464 48.11 0.03 3 0.4469 0.3622 0.3104
Pbest3 000 0.4429 32.53 0.04 1 0.4227 0.2152 0.2181
Pbest4 000 0.0352 48.26 0.06 3 0.4252 0.4891 0.0910
Table 10
PSO–GSA: Pbest and Gbest.
Pbest Gbest for process parameters Gbest for thrust force
81.3843 Cutting speed Feed rate Drill bit type 26.72
67.3621
88.7138 47.93 0.07 1.75
77.8471
Table 11
PSO–GSA: – Pbest and Updated position and velocity at the end iteration 2.
Pbest Gbest for process parameters Gbest for thrust force
71.06 Cutting speed Feed rate Drill bit type 71.06
77.95
75.47 38.46 0.025 2
75.29
Table 12
Parameter setting for GA.
Parameters Values
Fitness function Feasible population
Probability of crossover 0.8
Probability of mutation 0.2
Initial population size 100
No of iterations 51
Table 13
Optimum results of GA.
v (m/min) f (mm/rev) d Thrust force
Longitudinal Transverse
50 0.025 TiAlN 59.79 55.23Since the value of thrust force did not converge, we move to the
next iteration and repeat the step 2 until convergence of thrust
force is achieved.3.5.5. Validation of GA
The conventional GA available in MATLAB R2012b optimization
toolbox was used to find the optimum values of cutting speed, feed
rate and the type of drill bit. The objective functions for the GA are
set to be of minimum value. In the current drilling experiments, GA
carries out 27 numbers of trials for each of the objective to mini-
mize the thrust force, torque and vibration. The parameter setting
for executing the GA was presented in Table 12.
The objective of minimizing the thrust force, torque and vibra-
tion are subjected to the constraints of the machining process
parameters such as 30 6 v 6 50, 0.025 6 f 6 0.1 and 1 6 d 6 3.
The simulation results of GA along with the optimum machining
conditions are presented in Table 13. The convergence of GA
towards the optimal values is shown in Fig. 7.
From the Fig. 7, it is clear that it takes almost 60 numbers of
generations to achieve at the optimum point. But as we see from
the graph that the convergence of the optimum value is not
smooth enough without oscillations. From the above results of
GA, it possible to predict the machining condition which yields
low thrust force, torque and vibration while drilling CFR-Epoxy
composite laminate. Finally the optimum machining condition
for obtaining minimum thrust force, torque and vibration when
drilling CFR-Epoxy composite are at a cutting speed of 50 m/min,
feed rate of 0.025 mm/rev and drill bit type of TiAlN solid carbide
tool3.5.6. Validation of PSO–GSA
The PSO–GSA was used to find the optimum values of cutting
speed, feed rate and the type of drill bit. The objective functions
used for the PSO–GSA are set to be of minimum value. In the cur-
rent drilling experiments, PSO–GSA carries out 27 numbers of trials
for each of the objective to minimize the thrust force, torque and
vibration. The parameter setting for executing the PSO–GSA was
presented in Table 14.
Optimization of the machining process parameter in drilling
CFR-Epoxy composite laminate was done by executing the PSO–
GSA using MATLAB R2012b software. The algorithm was executed
for a swarm size of 30 and 100 iterations, to obtain the minimum
value of thrust force, torque and vibration subjected to the con-
straints of the cutting speed, feed rate and drill bit type. The aver-
age computational time for executing a single run is of 10 s. The
optimum levels of process parameters along with the minimum
values of the objective function obtained from the PSO–GSA are
presented in Table 15.
The convergence of PSO–GSA towards the optimal values is
shown in Fig. 8.
From the Fig. 8, it is clear that it takes only few numbers of iter-
ations to achieve at the optimum point. Also it is observed that the
convergence of the optimum value is smooth enough without
much oscillation when compared to the GA. Hence it is concluded
that the PSO–GSA is more powerful than the GA in arriving at the
optimal solution quickly without much delay.Torque Vibration
Longitudinal Transverse Longitudinal Transverse
22.1988 22.1543 0.0310 0.0310
a) Longitudinal Direction b) Transverse Direction 
c) Longitudinal Direction d) Transverse Direction 
e) Longitudinal Direction f) Transverse Direction 
Fig. 7. (a–f) Fitness values of thrust force, torque and vibration vs no of generation in GA.
Table 14
Parameter setting for PSO–GSA.
Parameters Values
Size of the swarm, N 30
Max iteration 100
PSO parameter, C1 0.5
PSO parameter, C2 1.5
Gravitational constant, G0 1
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The predicted values at the optimum machining conditions
(50 m/min, 0.025 mm/rev and TiAlN-Drill Bit type) obtained from
the GA and PSO–GSA are tabulated and presented in Table 16.
These values clearly indicate that their exist correlation between
the actual and predicted value. Also it is evident that the results
of PSO–GSA are more superior to the GA. Hence we conclude that
the hybrid PSO–GSA is more powerful tool and can be extend to all
the other application of engineering problems.
Table 15
Optimum results of PSO–GSA.
v (m/min) f (mm/rev) d Thrust force Torque Vibration
Transverse Longitudinal Transverse Longitudinal Transverse Longitudinal
50 0.025 TiAlN 59.78 55.213 22.1988 22.1505 0.0310 0.0310
Fig. 8. Fitness values of thrust force, torque and vibration vs no of iteration of PSO–GSA.
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Table 16
Comparison of results obtained from the confirmation test.
Algorithm Thrust force Torque Vibration
Transverse Longitudinal Transverse Longitudinal Transverse Longitudinal
GA 59.7962 55.2374 22.1988 22.1543 0.031 0.0301
PSO–GSA 59.7894 55.2134 22.1988 22.1505 0.0310 0.0301
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Machining trials by drilling holes on CFR-Epoxy composite was
performed at different levels of cutting speed, feed rate and using
drills made different tool material types, to evaluate axial thrust,
drilling torque and work vibrations. The experimental data and
the analysis performed point to the following conclusions:
1. Axial thrust decreases with increasing cutting speed, increases
with increasing feed rate and is minimum with hardest tool
material employed. The value of thrust force in drilling in a
direction normal to the fiber is more than those for along the
fiber.
2. The optimum machining conditions for the input parameters
investigated are the highest cutting speed, the lowest feed rate
and the hardest tool material employed.
3. The ANOVA analysis of the data indicate that the feed rate is the
most influential process parameter which affects the thrust
force, torque and work vibration.
4. The SEM analysis of the machined surface indicate occurrence
of debonding defects at the surface, internal delamination dur-
ing machining exposed to the surface generated, presence of
defects like voids, fiber fracture and rough surface texture at
certain machining conditions. The optimum surface finish
appears to occur at the highest cutting speed, lowest feed rate
and hardest tool material employed. The selection of optimum
machining conditions appears critical in avoiding the defects.
5. The GA and PSO–GSA techniques were employed to predict
optimum machining conditions over the ranges of parameters
investigated. The predicted result of the two techniques agrees
closely. The PSO–GSA appears superior to the RSM and GA tech-
niques in terms of computational time and the number of iter-
ations to arrive at the end results.
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